OBJECTIVE: To describe differences in the 22 y mortality risk associated with body mass index (BMI), body fat or fatfree mass, in order to examine if the differential health consequences of fat and fat-free mass may be responsible for elevated mortality rates at both high and low BMI. DESIGN: Prospective cohort study, a 22 y follow-up. SETTING: General community. The study of men born in 1913, Gothenburg. SUBJECTS: 787 men aged 60 y. MAIN OUTCOME MEASURES: Number and time of total deaths from 1973 to 1995. RESULTS: The risk of dying was a linear function of percentage fat and fat-free mass, and increased from a relative risk of 1.00 in men belonging to the lowest ®fth to 1.4 (95% con®dence interval 1.11 ± 1.99) in men in the highest ®fth of percentage fat mass. For BMI the lowest risk was observed for men belonging to the middle ®fth of BMI. When the relative risk was set at 1.00 for subjects belonging to the middle ®fth of BMI the risk associated with the low BMI ®fth was 1.3 (95% con®dence interval 0.94 ± 1.68) and that with the highest ®fth was 1.5 (95% con®dence interval 1.09 ± 1.96). Analyses including both body fat and fat-free mass showed that total mortality was a linear increasing function of high fat and low fat-free mass. CONCLUSION: The apparent U-shaped association between BMI and total mortality may be the result of compound risk functions from body fat and fat-free mass.
Introduction
Obesity is de®ned as an abnormally high proportion of fat. 1 However, traditionally, overweight estimated from relative weight indices, such as the body mass index (BMI), is used to describe obesity. Simple measures like skinfolds have been used to assess the body fat morbidity association, 2, 3 but only a few studies have measured body fat by advanced methodology, and these studies have not included a suf®cient number of participants to attribute mortality to obesity. Therefore, all public health recommendations regarding obesity are based on studies relating relative weight to health. 1, 4, 5 A large number of studies have suggested that the association between BMI and mortality is U-shaped, 6 indicating that not only is a high BMI associated with increased total mortality, but that even a low BMI seems to carry an increased risk of premature death, a relation not easy to understand. A number of studies have suggested that the increased risk of total mortality related to low BMI, can, in part, be attributed to confounding by smoking or pre-existing disease. 7, 8 However, other studies have found excess mortality related to low BMI even after control for these factors. 6, 9, 10 In this regard, it has been speculated that differential health consequences of fat and fat-free mass can be masked by the use of BMI when studied in relation to mortality. 11, 12 The present study describes differences in the 22 y mortality risk associated with BMI, body fat or fatfree mass, with the purpose of examining whether the U-shaped relationship found between BMI and premature death may depend on a mixed risk function related to body composition, for example, whether differential health consequences of fat and fat-free mass may be responsible for elevated mortality rates at both high and low BMI.
Methods and subjects
A sample, including all men born in 1913 on a date divisible by three (for example born 3rd, 6th, 9th, F F F , 30th in a given month) and living in the city of Gothenburg in November 1972, was selected. All residents of Sweden have a registration number that includes their date of birth and other vital statistics. Names, addresses and identi®cation numbers are registered by the County Census Bureau in a population register that, by law, must be kept up to date. In total, 945 men met these criteria, and 83.3% (787) agreed to participate in a health examination. Nonparticipation has been described earlier. 13 
Body composition
Total body potassium was measured in a whole body counter, 14 and lean body mass calculated using the assumption of a potassium content of 68.1 mEq/kg lean body mass. Fat mass was calculated by subtracting the lean body mass from body weight.
Anthropometric measures
Body weight was measured to nearest 0.1 kg with subjects dressed in underpants only, using a lever balance. Height was measured to the nearest 1 cm, subjects being without shoes. Waist circumference was measured at the level of the umbilicus, subjects standing, using a tape measure to the nearest 1 cm.
Questionnaire data
Leisure time activity was recorded on a four-point scale ranging from (1) almost completely inactive (reading, TV-viewing, cinema); (2) some physical activity (at least 4 h per week); (3) regular activity; and (4) regular hard physical training for competition. 15 Subjects recorded their present and previous smoking habits, and were classi®ed as current, former or non-smokers.
Follow-up
The vital statistics of subjects were followed until 31 December 1995, using their individual identity number. All 787 men were observed from the initial examination in 1973 until death or 31 December 1995. The follow-up rate for mortality was 100%.
Statistical analyses
Data were analysed, using Cox regression models. Measures of BMI, body fat or fat-free mass were recoded in ®fths. A ®rst series of models included only the risk factor. In a second series of models, the covariate smoking habit (dummy coded as non-smokers, ex-smokers and current smokers) was included, and in a third series the covariate level of physical activity was included. Due to an insuf®cient number of active subjects (activity levels 3 ± 4) in the present analysis, subjects were classi®ed as either sedentary (activity level 1) or active (activity levels 2 ± 4). A fourth series added ®rst-order interactions between these variables. It was tested whether a continuous modelling of these variables was not signi®cantly different from the categorical representation by comparing the likelihoods of the two nested models for each variable.
Finally, as the division of a continuous distribution into ordered categories may result in loss of power or awed results, data were returned to a continuous form for a ®nal analysis using fractional polynomial regression. 16 All analyses were performed using the Stata Statistical Package. 17 
Results
Out of a total of 787 men, 52 were excluded due to incomplete information on total body potassium. Hence, the present analysis included 735 men with complete data. During the 22 y follow-up, a total of 460 men died. On average, this group of 60 y old men were slightly overweight (BMI 25.5 kg/m 2 ) and had a mean percentage body fat of 30.3%. In total, 44% (n 321) were current, and 35% (n 257) ex-smokers, and 76% (n 561) were sedentary. Table 1 gives the characteristics of the men by ®fths of BMI.
Cox-regression analyses
All risk functions were essentially similar before and after adjustment for baseline smoking and physical activity. In addition, the inclusion of product terms suggested that there were no interactions between either smoking or physical activity, or any of the obesity mortality risk functions, or between body mass index, body fat or fat-free mass. In the following, therefore, only analyses adjusted for main effects of smoking and physical activity are presented.
Waist circumference and total mortality Independent of whether BMI was included in the model, or whether waist was included as a linear or quadratic function, waist circumference was not statistically associated with total mortality. The highest risk was observed for men in the highest ®fth of waist circumference with RR 1.2 (95% con®dence interval 0.90 ± 1.60), compared with men belonging to the lowest ®fth of waist circumference.
Percentage body fat and total mortality
The highest risk was observed for men in the highest ®fth of percentage body fat, with a signi®cantly increased RR 1.5 (95% con®dence interval 1.11 ± 2.00), compared with men belonging to the lowest ®fth of percentage body fat. The risk function of percentage body fat mass and total mortality was compatible with linearity (chi-square test 3.6, P 0.31).
BMI and total mortality
The lowest risk was observed for men belonging to the middle ®fth of BMI. The highest risk was observed for men in the highest ®fth of BMI, and this risk was not signi®cantly different from that associated with the lowest ®fth of BMI (P 0.29), in that there was a U-shaped association between BMI and mortality. The U-shaped association was con®rmed in an additional analysis in which the term BMI 2 was included, and found to be signi®cant (P 0.02). When the relative risk was set at 1.00 for subjects belonging to the middle ®fth of BMI, the risk associated with the lowest BMI ®fth was 1.3 (95% con®dence interval 0.94 ± 1.68) and that associated with the highest ®fth was 1.5 (95% con®dence interval 1.09 ± 1.96). The U-shaped association persisted when deaths occurring during the ®rst 5 y (57 deaths) or 10 y (140 deaths) of follow-up were excluded (data not shown).
Body composition, BMI and total mortality
A comparison of the total mortality risk associated with percentage body fat and BMI, using the middle ®fth as reference, is given in Figure 1 . In a ®fth set of models we included both fat-free mass and body fat to predict total mortality. From these analyses there was no evidence of a lower limit for body fat below which total mortality risk is increased (linearity test: chisquare 3.2, P 0.36). For fat-free mass, on the other hand, men belonging to the lowest ®fth generally had a higher total mortality risk than men from higher ®fths, in whom mortality risk did not differ (linearity test: chi-square 4.5, P 0.21). Figure 2 shows the association between mortality and BMI, body fat and fat-free mass. Expressing body fat and fat-free mass as fractions of BMI (in that as functions of heightsquared), as proposed by VanItallie et al, 18 gave similar results and suggested a lower absolute limit, corresponding to the upper range for height-adjusted fat-free mass in the lowest ®fth, of 16 kg/m 2 . Fractional polynomial regression analysis, including either body fat or fat-free mass, con®rmed the categorical analysis (Figure 3) .
Discussion
The present study shows that the apparent U-shaped association between BMI and total mortality may be a result of compound risk functions from body fat and fat-free mass. While this, and several other studies, have found that both a high and a low BMI is associated with increased mortality, 6 the present study demonstrates that percentage fat and fat-free mass are a positive and a negative linear function of Figure 1 Relative risks of total mortality associated with either BMI or percentage body fat mass, using the middle ®fth as reference. Figure 2 Relative risks of total mortality associated with either body fat or fat-free mass.
Mortality and body composition BL Heitmann et al mortality, respectively. This has been suggested earlier by Allison et al, 12 who, on a theoretical basis, argued that the U-shaped function is made up by an ascending and a descending function. The present study demonstrates, based on data on fat and fat-free mass estimated from total body potassium counting, that this may be the case.
Although it is apparent that misclassi®cation with respect to obesity occurs when BMI is used as a proxy variable for body fat, the present study is the ®rst to demonstrate the different mortality risk functions described by overweight, using BMI, and by body composition, using fat or fat-free mass. Furthermore, we have shown that the use of body composition measures offers a more plausible explanation regarding the association between adiposity and mortality than that found for BMI. It is well recognized that, at the high end of BMI, muscular subjects may well be misclassi®ed as overweight when, in fact, they are lean. However, more surprisingly, less than half of the subjects with a low BMI (66/147) were actually lean in terms of body fat. This is in agreement with other studies ®nding that the sensitivity of classifying a high body fat mass from a high BMI may be as low as 20 ± 50%. 11 A low sensitivity has been reported particularly among older subjects. Therefore, it cannot be excluded that the noted discrepancies in the mortality risks associated with BMI and with the measures of body composition may be less in a younger population group. Also, differences dependent on gender could not be examined in the present study, where only men had measurements of total body potassium.
The present study has also demonstrated that body fat and fat-free mass, but not BMI, may be used to rank individuals with respect to total mortality risk. In this regard, a high percentage body fat was signi®-cantly associated with a 40% increase in total mortality, compared with a low percentage body fat. The corresponding ®gure for BMI was 20%, and was not signi®cant. Similar ®ndings have been reported for Gothenburg women, 3 where the 12 y incidence of diabetes was almost three times higher when comparing the high and low ®fths of BMI. Also, in a clinical experiment, Segal et al 19 demonstrated that adverse risk factor levels (for instance a high blood pressure, cholesterol level or blood glucose) were associated with a high body fat mass rather than with a high BMI.
In a recent report from the American Institute of Nutrition Committee (AIN) on Healthy Weight, 20 it was concluded that the lowest risk associated with body mass index was in the range from 18 ± 23 kg/m 2 , and noted that`many adults with a BMI less than 18 may be lean, ®t and healthy F F F [although] with minimal reserves in the event of unrelated illness and, particularly with a BMI less than 16, may be an indication of an eating disorder or underlying illness'. From the present analyses, where both body fat and fat-free mass were expressed as functions of body weight, we found that total mortality was a linear function of body fat mass, suggesting that there is no lower critical fat mass below which total mortality is increased. On the other hand, for fat-free mass, it seems necessary that a certain minimum mass is present. For these 60 y old Swedish men that mass was critical when their fat-free mass/height 2 , and hence their BMI, was less than 16.0 kg/m 2 , a ®gure in accordance with that given by AIN.
The present study underscores the importance of understanding the nature of how body fatness varies with BMI, in order to fully understand the health risks associated with obesity. Although, in observational studies, BMI is a simple and easy measure for obesity, we argue that this measure may be inappropriate for measuring body fatness. Indeed, with the greater availability of simpler methods for measuring body composition, like bioelectrical impedance, a better understanding of the risk associated with obesity may be achieved.
In the present study, we could not demonstrate that regional fat distribution, as measured by the waist circumference, was associated with total mortality, and hence that fat distribution in¯uenced associations between mortality and any of the measures of general fatness. Although other studies have indicated that fat distribution measured by waist circumference alone is an important determinant of mortality, 21 this has never been demonstrated in the present population sample. 22 Rather, associations with mortality have been found only for the waist-to-hip ratio. 22 However, at the Mortality and body composition BL Heitmann et al examination in 1973, where the measurements on total body potassium were taken, only measurement of waist, and not hip circumference, was performed. Finally, it should be noted that, compared with other methods like underwater weighing or indicator dilution (for body water), fat-free mass may be underestimated in obese or elderly by potassium counting. 23, 24 However, whereas underestimation may be substantial, it would not be expected to affect the ranking of the men into ®fths of fat-free mass, and consequently does not offer an explanation for the present ®ndings of a stronger association between body fat and mortality than between BMI and mortality, or for the possibility that the BMI mortality risk function be made up of compound risk functions from body fat and fat-free mass.
Conclusion
The present study suggests that the U-shaped association between overweight and total mortality may be a result of differential health consequences for body fat and fat-free mass, and furthermore that, compared with low levels, a high fat mass is more strongly associated with mortality risk than BMI. The present ®ndings have implications for the understanding of obesity ± mortality relations, and for further public health recommendations.
